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ABSTRACT 



'^ha lift and longitudinal moment are experimentally measured for a 
Mree-menher family of flat plate fish forms to determine the range of 
Ifnearity as a function of angle of attack, and to determine the effect 
the hody on the tail-produced lift* 

The hasic fish form is circular arc generated with an overall length 
c'<' 16*F5 inches, a body width of four inches, and tail vfidth of three 
i-^ehes* The three forms consist of a full fish, a fish body, and a fish 
head, '^he experimental data are presented from tests performed in the 
M* I* T* Marine Hydrodynamics Laboratory. 

T’-.'o possible mathematical models are postulated and compared to the 
experimental results * 



It is concluded that the lift and moment are highly nor.-linear 
fn-ctions of the angle of attack and that the body h^s a marked effect 
on ■’•he lift produced by the tail- 
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CIIAPTf^R I - INTRODUCTION 



The fjwim.’rJn^ of slender fish has heen of acaderdc interest 
L:.-hthili’o article (2)* vras puhlished in I960- In tha.t article 
proaohed the c’.rimEin^ of fish hy the use of unsteady slender bod 
^ollo'-rod this up th articles in 19'^9 (3) and 19?0 (4) u’hich 



since 



* I iaW I 



j 



theory - 



were 



''.'-'''ineiTients and inprovemenLs of the first article- 

This topic vias also the subject papers by Professor Wu in 19?C (?} 
a: l 1971 ^7) r."d of a let-*^er by Professcr Fewmar; (5) in 1971* Those in- 
vestigations u<'ed Frandtl's acceleration potential to deternine the cross- 
fiov.' an'-'’ thus t-he fiovj abevt the fish- 



Poth types of theory used slendc-** body theory and the associated 
umptions- '"hree questions vrhich sees to arise in this type of develop- 
".t- arc: 

(1) Is slender tx^dy theory applicable to a fish-shaped body? 

(2) V/hat is the linear rari5;:c for lift as a function of angle of 



(7' That h~ the effect of the presence of a lifting surface ahead o"'’ 
the tail? 

It tc th'' purpose of this investiga.tion to answer these three question 
'* a particular flat plate fish shape in steady flow at an angle of at- 
•‘k- '"’.is v;ill not give the ansKers needed for the unsteady flew associ- 

w' " the rwinuning of fish, but it will give an indication of wl.at the 
■u-ry . ■■'culd ic for the limiting case of steady flov;. 






rcicr to reierencer: 



liGtec: in thn* ‘bil^licnrc.nh}- - 



CHAPTER IT - THEORY 



The fish is first approached by laear.s of slender body theory as v;a 
tone by Li^nthill in I 96 O (2). Slender body theory gives the lift as: 
l(x) = -/oU ^ (Wm (x)) 

l(x) = local lift per length 
p = field density 
’’ = free stream fluid velocity 
W = croGs-flovr velocity 

m (:c) = local 2-1) added mass for cross-flow plans 

The ri'^ht hand side of the above expression is the local change in the 
--’irected momentum, the coordinate system being defined in Figure 1 • 

Hi thin linear theory: W = -TJ m 

d = angle of attack 
refining the fish shape; y = ^h(x) 

Modeling the fish as a flat plate: 



m^(x) = -n h**(x) 

l(x) = (-UotTT h*^(x)) 

' dx 



L = 



total lift 
rO 



-/oV ^ (-Uavr h‘^(x))dx 
dx 



-1 



T V 



"'he llmib'. 
cortrib'tion to 



of the integral alxjve are due to the fact that there is 
lift aft of the raximurr. span according to slender body 



Fish 

C 0 OP.D I [^hTE 5v 



ST er>^ 



XT 




Figure 1 



theory (note that the Z-directed momentum cannot be increased beyond that 



no: 



Lnt) • 



L = +^0 11^^ h‘*(x) 



since h(-l. „ ) = 0 

!/• hi* 



-1, 



L.E. 



L = +^U'*Ct'TTh'*(0) 

In a similar manner, moment is given by; 



M £ moment about y axis 

fo 



M 



xl(x)dx 



-1 



L.E. 

rO 



n =- -x> u 



r 



-1. 



X ^ (-110617 h**(x)) dx 
dx 

L.E. 



This lift predicted by slender body theory is known to be supplemented 
by a non-linear lift due to vorticity shed from the leading edges. Thi'~ 
non-linesr lift as cited in Thwaites (6) is suggested tc be: 



'L 



= (a 17 - TT ta.r.(pj^)o6'®' 

rop-linear 

OC = an;j;lc of attack 

^ - an^7le of r^wcepbacl: of leadir>£; odre 



'I, 



"non-linear 



ncr.-linoai' 



U Area 

T'.ir non-linear lift centribntior. has also been sn{j£;e3te4 by Li^ht- 
(l; to be jiver by; 



- it » 



’l ■ S 

non-linear cyl 

L = I Area cC' 

non-linear T 



= drag coefficient for cylinder of carr.e crocs- 
cyl section 



Cj^ and 06 are as defined above* 



Looking at the non-linear lift on the head using the method of 
'^Ir.iaites (6) c* ted above, the non-linear lift is computed as follcirs; 



non-linear 

Area. 



= (i TT - rr tan oc” 



Area. = area of head = 16-35 

The head is modeled as a delta vrith a sweepback angle of 71-5^ degrees 

L 

_r 



non-linear /i J \ .^ 
z, = C a TT - g rrM 



I >0 U ^ Area. 



- IT 06 *^ 

Non-dimensionalising, using the span squared vice the area for pur- 



poses of comparison with experimental data, the total Cj is given ar. : 

„ ^ ^head ^ Hoij IE ^ A 

^hoad (2h(0))‘^ ^ ® (2h(0))'^ 

w = 1 - 570 ; t O.l^-CZoC^ 

ncad 

For the fish body, this can be applied by replacing the area of the 
hpud by a'^ca of the body. 

C. - l-f?o6 + 0.80^cC“^ 

T'' ■'•''e fvj'’ fi;'h is modeled as a head followed by a rectanguls.r plate 
s*' ’.res e'p'.al to the area of the after body and the tail, the lift .nan be 
-p-essc’ .as: 
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^ = l’57oC + 1-06 oc"^ 

^full finh 

In order to better estimate the lift component produced by the tail of 
the fish, it is necessary to estimate the downwash at the tail produced by 
the vcrticity shed by the body. In actuality, this vorticity v.-ill be in the 
form of a par-^ially rolled up sheet. The slender body limit for small anslc 
o'" attach suryests the lower limit of no lift or. the tail. This model i.s 
contracted witli, first, a vorte:: sheet which follows the free stream bach 
from tho axis of maximum span, and then witli a pair of fully rolled, up 
vc^ticlcr- 



Ac a first estimc,te of downwash on the tail, a vortex sheet is placed 



i" the -X - y plane extandiny from y = -2 to y = +2 (see Figi’re 
iptic spanv’ise vorticity distribution is used, as this will 
cc»'~tant ’cwn'warh at the section of maximum span and is consist 
the linear theocy. For an elliptic di.-tr.ibution, vfe sot; 



!)• 



hi- VC 



An 



r (y) 





vorticity or. frzh head 
cor^tanb to be dctern:i'^od 



Th^ vc^ticit^ 



tr 



X, is then 



yi''.'en by; 




r(h 





T!- ; . y, : 



vo'^^ ''X ohout ot-Havrr't*.-: Iczi \:e hor/c: 



'.r> ^ 



* '1 ov'r’.;ri:'ah. ’'''toe!. t’' 






>■* 



-I. 



m* 



n^'(z 



. ,* 1 



?Ua, 



-s4 

^4 



-s4 



[ (y + z”^ ] 



iL 



(y -^)d^ 



/TT^ ^y-7)%z^] 



Set-*-in3 y = 0 tc look at the centerline given: 
8U^ 



/'=4 



•,r* _ 



'1 



2 TTS 






/ 



Vl - (ff L'?'+ z^J 



'tting ^ = -c^ cos <p 



I? - -=^ 



^ H 



'Z 

4 



4 ) = 0 

4)= tT 



t.r* _ _ 



8Ua> 

1 s 

2trn 2 



PV 



cos cP sin <P d cp 



\/ 1 - cos‘*'<^ jcoc"^ + -^^27 



=■ - 



21 !a^ 



TT 



OTT 



1 + 1 ^(1) 

1=0=^.?+ 






2r^ 

TT 



., Jt. 

■'■z 



TT 



<jqP 



[, L.z\ 2, 

[a ccs^(^+ ^ 



. :l 

-1 :-i 



.^TTp 
.. . ^ 



-d.l 



I'TTW J 









W - - 2 Ua^ - -Uoi 



^ - SL 

" o 



W - -UPC 



1 - 



2 U 1 






*y ^ 

loo'^ing at 2 = sin Oi as the lateral displacer, lont of the center 



t»'c tail: 



- ■= 3*8 sin C«r 



W = -Hoc 



-3.8 sin 0^ 



V/ 1 + 14.^3 sir.°V 

This can "be inritten as a series expansion for small angles as follov.'s: 

VJ*«»-Uar 1^1 - 3.8 sin«: + 28.4 ain'^oc + 0 (sin'^ ) 

Using slender tody theory following Mewman (5) and Wu (?) , and assn 
tVi^* the effective velocity is equal to the velocity at the center for s 
angles, wo can write: 

v.'^'cre s^ = maximum vridth on the tail 

^ TT (-^) U^cC 1^3*8 sin Of - 0 (sin'^) 

r% 

a. 

tail 



■'-p A r 

= 2 (~) TT oC 3.8 sin£>f - 0 (sin1»r) 
/.s, L 



\ ^3‘35dC^ 

tall 

Ad^ln;; to t>u^ earlier valro of we he.ve: 

3 , - 1.5?« + 

^full fish 

'^.>.1.' valuo of har^ >>een obtained by aesuniirg that the average dovj 
'•r.''' volov'lty lr> cqtial to the dov;r.vrai?h on the centerline. This ir. valid 
' -nvall an.-^ler^? hovrever, reference to Thwaites pa£;e 5^^ sho.vs tha.t for 






:ninn 

ma.ll 
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this fish at angles of attack greater than ten degrees the average dovjnwash 
is less than 75^ of the dovmwash on the centerline* This in turn suggests 
that tho a term should have a somevrhat larger coefficient* In spite of 
this consideration, it is felt that the expression for given above does 
indicate correct trends for the vortex sheet model* 

The downvrash on the centerline due to tvro line vorticies trailing 
straight aft from the axis of maximum span is now considered as the second 
case. This is taken as a limit since it will place the vorticity the far- 
thest from the centerline, giving the least downwash and therefore the most 



lift* 

, 1 . 

Placing line vorticies at y = - 1*5 inches and z = 0 and using Bict- 
Bavart'r uaw and infinite line vorticies, the downwash is given by: 

-(y + ^)r ' 



r- - n 



2ir 



' 12 ' ' X 12 ' y 

[(y . 



’i* - downwash at (y,z) due to line vorticies at y = i ~ 

P = strength of trailing vorticies 



n.f) 

Getting y = 0 to look at the centerline and 2 = sin OC vfhere 
= ir."t>os f"om axis of maximum span to center of tail, the downwash is 
'’dven by: 



W* - 



-IB 



TT [2.25 + h 7.7 

^v- "elvln's Theorem the our of -^railing vorticity, be 

to ‘■''.c total hound rnrrtic? ty on th^ foil,P • 



sA 



r = r = 



Ry) 



dv 



V -sA 



_ o „ 



Blit also: 



ns 



L = 



r 



/2 



n (y) dy = ^ U n 



■72 



Fron the slender body theory developed above; 

L = -TT ( 72 ) 

^u*ir-TT (72)*^ =^uP 

r= u«;tt(72)^ 



. I (>6 IT (V2f 



TT 



h 

!Is 5 .’'.g slender body theory following Newnan (5) and Wu (?), we can now 



[2.25 + 57-7 sirf'CC] 

-UqT 

[2.25 + 57-7 



write the lift on the tall as; 




■where s^, = maxinmm width of the tail 



*^rn A ^ 



u[ 2.2 



K J- 



2 

57-7 sin 







ai : 






^ T 



^ R + 230-^ sin°^^ ^ 
2.25 + 57.7 sin 



Thin -hows 
cx~'Pcte'^ to "bf: 



Siji ^ ^ ^ iL 

- ^TT (-—) u 0^(0.891 + 2. 8^4-5 sinl^i + 0 (sin’^ )) 

that at higher angles of attack w'here the vortex sheet Is 
fully rolled up at the tail, the lift on the tail could he 
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aj; much as about 0*9 of what slender body theory would predict for the tail 
in undisturbed flow. 



For the particular fish form in question, the tail maximum width is 
3/^^ of the maximum width of the body, so it would be expected that the tail 
could increase the predicted slender body lift by as much as about l/2. C, 

Lt 

or. the tail is then approximated as: 

Ct ^• 383a (0.891 + 2.8^^5 sin'^< 5 t ) 

^tail 

Cj ^ -79ac + 2.52tf<;^ 

^tail 

When this is added to the determined above, is given as 

Gj^ « 2-36« + 1 . 06 oC‘^ 

It is seen that this model increases the linear term more and the 
non-linear term less than the vortex sheet presented a,bove* This would 
seem to provide a means of interpreting the experimental results to be 
considered subsequently. 

To check the two line vortex model further, the inclination of vortex 
linos to free stream can be checked by looking at the velocities induced at 
y = i 1.5 and a = 0. 



w* (t 1.5, 0) = 



-(3) (12) 



2it9 





CC1T2 



tt ^2' 
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I 








Thur. the inclination of the vortex lines to free stream is expected to 
and, therefore, a higher order effect. 



he slight 



CHAPTER III - EXPERIMENTAL PROCEDURE 



In order to find the lift and moment on a flat plate fich form, it 
was chosen to construct a metal fish from v inch aluminum plate and test 
it in the water tunnel at M* I. T. Marine Hydrodynamics Laboratory. A fich 
form genei'ated by circular arcs was chosen as this could be easily machined 
while still representing the general shape of a fish* The dimensions anvd 
shape are shown in Figure 2 and the structural design data are given in 
Appendix A- The leading edges of the fish body and tail were fa,ired to 
approximately half round and the trailing edges were sharpened. 

As illustrated in Figure 2 and Figure l6, a three-fish family/- v.'as 
constructed as a full fish with body and tail, a, fish body without a tail, 
ard a fish head only. The tail was made narrovrer than the body to accen- 
tuate the wake effects* The forms were mounted on a 3/^ inch diameter 
s’-'aft for mounting in the existing rudder force dynamometer. The fish end 
of the sJiaft wa,s faired into the fish form by applying epoxj’’ putty. 

The force dynamometer is so built that it mounts directly into the 
test sec+ion of the propeller tunnel and was configured to measure normeJ 
■‘ift, tan'^ential drag, and chordwise moment. The dynamometer and its use 
arc more fully discussed in Appendix T?. 

As descx’i'i'cd in Appendix A *tbe tec.t section cf the t\'atcr tunnel wae 



cy.i.ppcd so tint a dummj'' shaft could be placed symmetrically vrith resper?’ 

^0 the r.ountir'g sha.ft. This allov.'cd the fish to be tested ’..d th an'’ C'lthout 
a ’"mmy ; haft 'o that the influence of the mounting shaft or lift and 
me •'cnt cccld be inf erred . 

three fish forms ware tested at speeds of approximately five, '•er. 

- ’ 13 foot per second. At five "^ect per second the three forms ’..‘crc tested 
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?.'■ two-de~ree intervals fron 0 to -20 degrees, and at ten feet per second 
they were tested at two-degree intervals from +20 degrees to -20 degrees- 
13 foot per second tests used two-degree intervals up to only -12 
degrees to keep the loading at acceptable levels. 

As a means of indicating the shedding of vorticity, the full fish 
^ern was run at reduced tank press ire to produce cavitation* Pictures 
were tal:e:: using a Graphex camera vdth a Polaroid lack and a Strobolume 
electronic stroboscopic flash using side lighting and a black back drop. 

The outputs from the water tunnel manometer and the digital strain 
geugc readouts were fed into a computer program to yield streamwise lift, 
c’rag, anl moment and flow velocity. The program also computed and Lep 
described ir. the next section. 



CHAPTER IV - EXPERIKBMTAL RESULTS 



The experimentally determined values of the lift and moment are sho.<n 
iT'. Figures 3 through 11. The lift and moment data have been converted to 
promote easy visualization and comparison between fish forms. The lift has 
been plotted as which is defined as folio vrs; 

n . i 

^ ipn-^(2h(,o)) 

vfhere L = lift 

yO = fluid density 

IT - free stream velocity 

Ph(0) = maximum span 

"’he moment data are presented in the form of position of longitudinal center 
of pressure, Tox', which is defined as follows: 




vrhere Icp - distance of center of pressure forward of axis of maxinun span 
6 = distance from axis of maximum span to nose of the fish ferr.iS 
As can i)e seen in Figures 3 through 11, the data points with and with- 
c”.t the dummy "trut have heen plotted. The faired experimental line is 
plotted as an estimate of the extrapolation to no strut effects. The linear 
.'•lander Tody th.cory values of C,. and Lep have also been plotted for purposes 

JU 

c. comparison.. 

Tnrx'.cction of tiie Lep data on Fig'.'res 3, 7 and 10 shews a slight 

IT -'orgcncy below abo’tt five degrees. This divergence follows the divisio:: 
o" + and - angle.' of attack which, together vrith the fact that the angles 
■.;ere always approached from the same side, would seen to indicate that this 
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divergence is due merely to a small instrument-generated moment which is 
only important at small values of lift and moment* It is felt that this 
effect vras sufficiently straight forward that the overall results need not 
be questioned* 

Figure 12 is a plot of the experimental data for the three fish forms 
for comparative purposes. 

Looking back to the theory now we see that is postulated as a 
function o£ oC and OC for small angles. Thus can be written as: 



where and are constants to be determined. 

In the development of the theory, it was assumed that: 
IJ06 sin oi 



and 

(Uo' )*^ sin'^o^ 

Also note is taken of the fact that the oC term is assumed to represent 
a cross-flow drag v/hich is normal to the surface rather than at right 
angles to the flow as the linear lift is assumed to be. 

Thus Gj can be rewritten so as to be more accurate for large angles. 
"L “ ^ ■*' ^2 coo 



’^ividir.;;; by 
c 

^ + 0^ sin^ coso^ 



Cj b^sin 2 a 



Plotting G- / versus sin 2.0C and correcting for strut interference 
sin OC 

above, we roe that is given by the zero angle axis intercept and that 
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is given by twice the linear slope of the experimental data. Figures 

13 , 1^ and 15 are plots of C, / versus sin 2 Of and show the associated 

sin CC 

values of Cj and C 2 for the three fish forms. 

Experimental error is seen in these plots in the form of scatter of 
the data points below five degrees. This is attributed to angle readings 
which were based on an experimental determination of angle of zero lift. 
Errors in this measurement show up at less than five degrees due to the 
fact that a small lift is being divided by a small angle function* 

The three fish forms used in the force and moment measurements arc 
shown in Figure I 6 . 

The full fish form is shown in Figure 17 through 25 at various angles 
of attack at reduced pressure levels which cause the vortex cores to form 
cavities. This allows visualization of the line vorticies shed from the 
leading edge. 
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'CHAPTER V - DISCJSSION OF RESULTS 



Incpecticn of the plots of in Fi^tire 12 shows th.it is a highly 
non-lir.oar function of angle of attack. It is most non-linear for the full 
fish and least non-linear for the fish head as would te expected. The Lep 
curves show that as the non-linear lift 1 ) 6001:105 more important, the center 
of pressure moves aft, being farthest aft for the fish with the tail indi- 
cating that the lift contribution of the tail must certainly be a second- 
order effect. These curves, while giving correct general trends, should be 
utilized with care as they are merely simple fairings of experimental data 
approximo.tely corrected for strut inteiference. 

Finii-es 13, I'!- and 15 give expressions for v:hich have been graphi- 
cally determined from the reduced plots. The linear term in for all 

three forms has the same value of approximately 1.?. This shows that there 
is no linear lift contribution from the tail or the body behind the point 
of maximum span. This value of 1.? is compared with a value of 1*5? pre- 
dicted by slender body theory. It is felt that this increase in the linear 
term is due to the fact that the head of the fish is not "slender", having 
an aspect ratic of O. 9 B. This conclusion, however, does not seem to be 
confirmed by data from other sources so that perhaps thex’C may be some 
o+’.cx- more subtle effect at work here. 

Comparing the lift co.ntribution of the tail and the lift of the head 
alou,^ (vr’^tch can be visualized as a tail without a body) shovjs that at 
oC ten degrees the lift of the tail behind the body is only 40/c of what 
would be for the same angle of attack without the body. At 20 degrees 
the tail contributes about 51?® of the lift it would at the sa::'.e 06 in free 
st-^Coam. 
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The non-linear term in is seen to Increase as the area is increased 
hy addiny a bod;A and then a tail in turn. This non-linear term is not 
3/3equately predicted by the mathematical models considered. It is seen, 
however, that the model using the vortex sheet shed behind the head does 
predict the right kind of effect, but not in 



sufficient amount 



CHAPTER VI - CONCLUSIONS AND RECOMENDATIONS 



It is nov' possible to suggest answers to the three questions posed at 
the outset* First, it is concluded that for the case investigated, linear 
slender body theory is inadequate above about two degrees, but fairly accu- 
rate at angles of attack of less than two degrees. p\irther, in answer to 
the question of linearity, it would appear that the non-linear terras are 
iraportant for even small angles, thus limiting the value of a strictly 
linear approach. 

With regard to the effect of the body on the tail, it is seen that 
the body greatly reduced the lift contributed by the tail. The effect 
varies from completely eliminating the tail lift as the angle of attack 
goes to zero, to reducing it to about one half of the free stream value 
at ei = 20 degrees* 

The experimental results show that the theory developed in this in- 
vestigation is not adequate. It is felt that a theory which more accu- 
rately deals with finite aspect ratio and the non-linear lift associated 
vfith vorticies shed from the leading edge is needed* Also a theory to 
predict the lift on the tail in non-uniform flow is needed. 
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APPENDIX A 



FISK DESIGN 



The fish hody width v;as chosen as i'o’jr inches and the tail width was 
chosen as three inches in order to keep the fish area snail compared to the 
area of the 20-inch square test section* An overall length of l6v inches 
•was chosen to make the fish slender and so that the tail would not approach 
the wall too closely as the fish was given angle of attack. 

The lift and moment on the fish ’was computed using slender body 



theory* 



For heads 




L = TT h*^(0) 

L = you1< TT (. 



4 in*' 
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no 
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Integrating by parts; 
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( 12 ) 

H . f [ 13 . 20 ] 

L J 



l64x - ■— -8 (x \Tl0‘*' -x^ + lO*^ sin”'' (-)) 
J a 



984 + 72 -8 (-48 + 100 sin"* (S) 



(12)' 

. 2 _ ( 12 )^^ , , 13 . 20 ' 

/>uiTT (12)^ ^ ^ 



Icp^,^ = ) ft. = 3*30 inches from axis 

Reducing these quantities for comparison with the experimental 
wo define: 
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The aVove analysis was used to estimate the maximum loads and moments 
likely to be encountered in testing the fish forms. Since it was uncertain 
as to how much lift the tail surface would contribute, it was assumed that 
if would lift as though the body was not there in order to obtain a maximum 
possible lift and moment* 

The fish and mounting shaft were fabricated from 2024T3 wrought 
aluminum alloy with a yield strength of 50,000 psi. The fish was attached 
to the shaft by clamping a tab from the fish into a slot cut in the shaft. 

Tt was originally desired to neck the 3/^ inch shaft to l/2 inch dis-meter 
at the fish, but this resulted in excessive stress. To keep the stress 
levels low, the full 3/^ inch slotted shaft was carriekl 5/l6 of an inch 
onto the fish and the tab was given 5/8 inch radius fillets at the fish edge. 

A fitting was fabricated and installed in the test section on the side 
opposite the dynamometer in which the fish was mounted. This fitting allowed 
a dummy shaft to be placed next to the fish in the same position as the 
mounting shaft except on the other side of the fish. 
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PPENDIX B 



FORC:: DYNAMOMETER 

The experinentai force raeasu 'ements were made using the existing 
rudder force dynamometer* A schematic of the dynamometer is shown in 
Fi/nire 26. Letow strain gauge load cells with digital readout boxes 
were used. The lift load cell was maximum load and the moment 

and drag load cells were ten-pound maximiim load. The load cells were 
mounted between piano wire flexures to make them as soft as possible to 
lateral deflection. As installed, the flexures absorbed about 11^ of 
the applied drag and moment and about 6 % of the lift. This proved to be 
no problem as the load cells were calibrated in the rig and no significant 
cross coupling was detected . 

The dynamometer is so constructed that the force measuring blocks 
r.ove with the fish form as the angle of attack is changed. In light of 
this, the computer program for data reduction performs a coordinate trans- 
formation to resolve the forces into streamwise lift and drag forces, as 
well as converting the digital strain gauge readouts to forces and moments. 
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